We provide a comprehensive study of semileptonic flavor-changing neutral current transitions for b → n + − and c → p + − in the context of light cone QCD sum rules. Using the most general form of the interpolating current for b,c , as well as nucleon distribution amplitudes, we calculate all 12 form factors entering the calculations in full theory. We obtain the order of heavy quark effective theory violation and argue that the b → n + − case can be studied at LHC, but the other one has a very small branching ratio.
Introduction
Rare flavor-changing neutral current (FCNC) transitions of heavy baryons to nucleon are of great interest due to their ability to provide useful information on three important issues. First of all, their investigation can give essential information about the quark structure of the heavy baryons, reveal the nature of the weak interactions, provide reliable framework to probe the underlying principles and give more model-independent information such as extraction of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements as main ingredients of the standard model (SM). Second, such kind of channels can give indispensable clue on new physics effects such as search for supersymmetric particles [1] , light dark matter [2] and also extra dimensions. Finally, they can provide a trustworthy context to check the nucleon distribution amplitudes (DAs). One of the major goals of the modern QCD is to understand the properties of nucleons. Reliable determinations of the parameters entering the nucleons DAs can help us in this respect.
This work is an extension of our previous works on heavy baryon's semileptonic decays due to charged [3, 4] and neutral [5, 6] currents. Here, we employ the most general form of the interpolating current for b,c and nucleon DAs obtained using both QCD light cone sum rules [7] and lattice QCD [8] [9] [10] to calculate all 12 form factors responsible for the semileptonic b → n + − and c → p + − transitions in full theory in the framework of the light cone QCD sum rules. The b,c state due to a heavy bottom or charm quark is narrow so its detection and isolation is easy, experimentally. The light degrees of freedom are spinless for Lambda-like baryons. Theoretically, this helps such transitions hold simple heavy quark effective theory (HQET) relations among form factors which are more complicated for other baryons. Using these relations, one can compare the results of form factors with the ones obtained from HQET relations and gain order of HQET violations. Calculation of form factors, as the main ingredients to investigate the considered transitions, belongs to the non-perturbative regime of QCD; hence, in their extraction, we need some nonperturbative approaches. QCD sum rules [11] and one of its extensions, light cone QCD sum rules, are the most powerful and applicable methods among non-perturbative approaches. In these methods, QCD parameters are correlated with hadronic parameters using quark hadron duality. In light cone version of sum rules, the operator product expansion (OPE) is carried out near the light cone and expanded in terms of DAs with increasing twists instead of operators with different mass dimensions in traditional sum rules. This approach has been used to analyze the semileptonic b → (p, )lν [12] which happen due to the charged current. Other nonperturbative approaches have also been applied to investigate the heavy baryon decays. The semileptonic b → plν [13] and b → c lν [14] have been calculated using perturbative QCD approach. The semileptonic decay of b has also been investigated in the hybrid scheme [15] (for more about the semileptonic decays of heavy baryons using different methods see [3] [4] [5] [6] and references therein). Recently, increasing amount of experiments have also been made to analyze the heavy baryons including a heavy bottom or charm quark [16] [17] [18] [19] [20] [21] [22] [23] . These experiments may shed light on search for decay channels of the heavy baryons like Q → N + − at LHCb. The paper comprises three sections. In section 2, light cone QCD sum rules for form factors are obtained using nucleon DAs. Section 3 is devoted to the numerical analysis of the sum rules for the form factors as well as branching ratios.
Light cone QCD sum rules for form factors
We start this section considering the effective Hamiltonian responsible for the considered transitions at quark level:
where Q 2 = −q 2 and q 2 is the transferred momentum square. In the HQET limit, the number of form factors reduces to 2, namely F 1 and F 2 for -like baryons, where the light degrees of freedom are spinless; hence, the transition matrix element is defined as [24, 25] 
where is any Dirac matrices and v = p+ q m Q
. Here, we should mention that the above relation at HQET is valid only in a limited range of momenta at which the energy of the daughter hadron (nucleon) is not comparable to the mass of the heavy quark. Hence, one expects that this relation is better satisfied for the bottom case in comparison with charm one. Comparing the matrix elements both from full theory and HQET limit one can obtain [26, 27] 
In order to calculate the form factors in the light cone QCD sum rules method, we start from the correlation function as the building block in this method. Here, we have two transition currents,
; therefore, we need to consider the following corresponding correlation functions:
where J Q is the interpolating current creating the Q from vacuum and most generally it can be written as
where q 1 and q 2 correspond to the u and d quarks, respectively. The a, b and c are color indices and C is the charge conjugation operator. The general parameter β is an arbitrary auxiliary parameter with β = −1 corresponding to the Ioffe current. We will calculate the aforesaid correlation functions in two different ways called phenomenological and theoretical sides. Equating both representations of the correlation functions through dispersion relation, we can obtain sum rules for the form factors. Finally, we will apply Borel transformation with respect to the momentum squared of the initial state to suppress contributions of the higher states and continuum.
To obtain the phenomenological side of the correlation functions, a complete set of intermediate states with the same quantum number as interpolating current is embedded into the correlation functions. As a result we obtain,
where the dots · · · represent the contribution of the higher states and continuum. In equations (8) and (9), we isolated the ground state from the higher states and continuum since we consider only the contribution of the ground state to our problem. Therefore, we should remove the contribution of the higher states and continuum. This is possible applying the Borel transformation which kills the contribution of the part of higher states and continuum coming in polynomials in (p + q) 2 . We also apply continuum subtraction through the quark hadron duality assumption. This requires that the energy of the ground state should be less than the hadronic threshold, s h 0 (for more information see [28] [29] [30] ). The vacuum to the baryon matrix element of the interpolating current 0|J
is parameterized in terms of the residue, λ Q , as
Inserting equations (2), (3) and (10) in equations (8) and (9) and carrying out the summation over spins of the Q baryon via
one gets the correlation functions as
0, instead of the short distance, x 0 in traditional three-point QCD sum rules. In this method, the OPE is also carried out in terms of twist rather than operators having different mass dimensions in traditional ones. The main ingredient of LCSR are distribution amplitudes (DAs) which appear in matrix elements of nonlocal operators between the vacuum and the one-particle states. After contracting out all quark pairs using Wick's theorem, we obtain
To proceed, we need to know the expression for the heavy quark propagator as well as the matrix element, 0|q
where,
and K i are the Bessel functions. The terms proportional to the gluon field strength are expected to be very small in our case since these terms contribute to the four and five particle distribution functions [7, [31] [32] [33] [34] [35] . The matrix element 0|q (16) and (17) indicates the nucleon wavefunctions and it is given in terms of some calligraphic functions [7, [32] [33] [34] 36] : Table 1 . Relations between the calligraphic functions and nucleon scalar DAs. Table 2 . Relations between the calligraphic functions and nucleon pseudo-scalar DAs. Table 3 . Relations between the calligraphic functions and nucleon vector DAs.
The calligraphic functions which are the functions of the scalar product px and the parameters a i , i = 1, 2, 3, can be expressed in terms of the nucleon distribution amplitudes (DAs) with definite and growing twists. The precise expressions of the relationship between calligraphic functions and scalar, pseudo-scalar, vector, axial vector and tensor DAs for nucleons are given in tables 1, 2, 3, 4 and 5, respectively, and the explicit expressions of DAs are presented in the appendix.
where x i with i = 1, 2 and 3 are longitudinal momentum fractions carried by the participating quarks. The QCD or theoretical side of the correlation functions in momentum space are obtained using the nucleon DAs and the expression for the heavy quark propagator as well as performing the integration over x. Now we select the coefficients of the corresponding structures from both sides of the correlation functions and equate them by means of dispersion Table 4 . Relations between the calligraphic functions and nucleon axial vector DAs. Table 5 . Relations between the calligraphic functions and nucleon tensor DAs.
relations in order to acquire sum rules for the form factors
Finally, the Borel transformation is applied to suppress the contribution of higher states and continuum.
As can be seen from equations (14) and (15), we also need the expression of the residue λ Q [37] :
where s 0 is continuum threshold, M 
Numerical analysis
In this section, we numerically analyze the form factors and calculate branching ratio for the Q → N + − transition in full QCD. Some input parameters used in the numerical Table 6 . The values of the eight independent parameters entering the nucleon DAs.
QCD sum rules [7] Lattice QCD [8] [9] [10] f N (5.0 ± 0.5) × 10 These parameters have been calculated in the framework of the light cone QCD sum rules [7] and also most of them are available in lattice QCD [8] [9] [10] (see table 6 ). For those parameters which have no values from lattice QCD, we use the values obtained from QCD sum rules.
The sum rules for the form factors also include three auxiliary parameters, Borel mass parameter M 2 B , continuum threshold s 0 and the general parameter β entering the interpolating current of Q . These are not physical parameters; hence, the form factors should not be depend on these auxiliary parameters. In this direction, it is reasonable to search for working regions of these auxiliary parameters at which the form factors are independent of them. This region for the Borel mass parameter is determined considering the following procedure. The lower limit is obtained from the requirement that the higher states and continuum contributions constitute a small percentage of the total dispersion integral. The upper limit is obtained requiring that the series of the light cone expansion with increasing twist should be convergent. In consequence, the working region is determined as 15 GeV 
GeV
2 for c → p + − . The continuum threshold s 0 is not entirely arbitrary and it is connected to the energy of the first exited state. The working region for this parameter is determined from the analysis of the mass sum rules and it is chosen such that from one side, our calculations do not contribute to the higher states and on the other side the physical parameters (form factors) show good stability with respect to this parameter. 2 the dependences of form factors on the continuum threshold are weak. Finally, we should find the working region for the general parameter β at which our form factors are practically insensitive to the variation on this parameter. In order to obtain the working region for β, we plot the form factors as a function of cos θ in the interval −1 cos θ 1, where β = tan θ and search for a reliable region. As a result, we obtain the −0.4 cos θ 0.4 interval common for the bottom and charm case, where the form factors slowly vary with respect to the cos θ . Note that the Ioffe current, β = −1, which corresponds to cos θ −0.71 is out of the obtained working region. Similar results have also been obtained in [39] [40] [41] .
Using the above input parameters and the obtained regions for the auxiliary parameters we can proceed to numerically analyze the form factors and obtain their q 2 dependence. The sum rules for the form factors are not reliable in the whole physical region so we look for a parameterization which helps us to extend the results to the whole allowed region. 2 , we extrapolate the results using fit parameterizations such that the values obtained from these parameterizations coincide with our predictions for the form factors in the reliable region. Our numerical analysis shows that the form factors 
where the fit parameters a, b and m 
The results for the parameters c, m 2 fit and m 2 fit are presented in tables 9 and 10 also for b → n + − and c → p + − , respectively. Here, we would like to make the following remark about the chosen parameterization to explore our form factors. In principle, we can choose a fit parameterization either with single or double poles. However, when we combine them the accuracy of the fitting becomes very high, specially when the pole is the same for two parts. We can choose the parameterization as
, but for all form factors m fit gets too close to m 1 ; hence, the fit becomes numerically unstable. For this reason, it is appropriate to expand the aforementioned parameterization to first order in m fit − m 1 , which immediately gives equation (25) used to extrapolate the form factors over the whole physical region. The similar situation has also been obtained for the B → D mesonic transition in [42, 43] .
The numerical values of the form factors at q 2 = 0 obtained from sum rules for form factors are exhibited in tables 11 and 12 for the b → n + − and c → n + − , respectively. In these tables the errors in the values of the form factors belong to variation of auxiliary parameters, M 2 B , s 0 and β as well as errors in the input parameters. A quick glance at these tables leads to the following conclusions.
• For all form factors at q 2 = 0, within errors there is a good agreement between the predictions obtained using DAs from QCD sum rules with those of lattice QCD except form factors
• The HQET relations presented in equation (5) are overall better satisfied for the bottom case comparing the charm one. This is reasonable and satisfies our expectations.
• Maximum HQET relation violation for the bottom case is 35% and belongs to the form factor g T 2 (0) and QCD sum rules input parameters. On the other hand, this violation is about 60% for the charm case and form factor f 3 (0) when lattice input parameters are used. 2 . The differential decay rate is obtained as [5] 
where 
where
In order to obtain the branching ratio, we integrate the differential decay rates over s in the whole physical region, 4m 2 m [46] . As a result, we obtain the numerical results for the branching ratios without LD effects which are shown in table 13 . From this table, we see a good consistency between QCD sum rules and lattice QCD results for b → nl + l − . However, our predictions on the branching ratio of c → pl + l − obtained from QCD sum rules input parameters are about two times greater than that obtained from lattice QCD parameters. As we previously discussed, the Wilson coefficient C eff 9 also receives long distance contributions from the J /ψ family. These contributions are shown by Y LD and it is parameterized using Breit-Wigner ansatz [47] as
where α is the fine structure constant and C (0) = 0.362. Here, we only consider the two lowest resonances J /ψ and ψ(2S), and take the phenomenological factors ae 1 1 and ae 2 2. For more details about the long distance contributions see [48, 49] . Using the experimental results on the masses and total decay widths of dilepton decays of vector charmonium states [44] and dividing the physical region into parts for the bottom case as follows: for electron and muon,
and for tau,
we obtained the results as shown in the table 14 . The values presented in this table also depict same order predictions for both sets from QCD sum rules and lattice QCD except the region III for electron and muon. In this region, the results obtained using the lattice QCD are about one order less than that of the QCD sum rules. Our concluding result is that the values presented in tables 13 and 14 for the branching ratios show a possibility to study the b → nl + l − at LHC, but the branching ratio for c → pl + l − is very small. Comparing these two tables, it is clear that the results obtained with LD effects from intermediate cc states at different regions are one to two orders of magnitude greater than that of the case without these effects.
Appendix
In this appendix, the explicit expressions for the nucleon DAs are given: 
